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DIRECT REACTION STUDIES WITH A POLARIZED TRITON BEAM

E. R. Flynn

Los AlamosScientificLaboratory,Universityof California,

Los Alamos,New Mexico 87545

strac~

A variety of directnuclear reactionexperimentshave been made utilizing

a polarizedtriton ‘beau. Of particularinteresthas been the use in nuclear

spectroscopyof the (t,a) and (t,d) reactions for the measurement of nuclear

spins and strengthfactors. In addition,these reactionsas well as the (t,p)

and (t,t’) reactionshave been used to examine the role of multi-”stepproc-

esses in direct reactions. The analyzing power measurements appear particu-

larly sensitiveto

. detailsof nuclear

1. troduc~

such complex mechanismsand may be used to investigatethe

configurationsof the variouschannels.
.

..

The use of polarizedbeams as a spectroscopictool is well established

with numerous laboratoriesnow possessing excellent polarized source facili-

ties. Reactionssuch as (~,p), (l,d), and ?d,t) have been used extensive~Yto

establish nuclear spins through a combination of differential cross section
1)

a“ndanalyzingpower measurements . Inelasticscatteringof protons and deu-
2)

terons have also been used to investigatereaction mechanism details . In

recent works, the use of polarized beams has been applied to more sophisti-

cated studies such as the role of

tton3). All of these prcgrams have

,theanalyzingpower based on a spin

, to the nuclearinformationobtained.

multi-step processes in the (p$t) reac-

shown that the additionalmeasurementof

up-spin down difference adds considerably
8

The triton has proven to be a very useful light ion for nuclear reaction

studiesIn additionto those discussedabove.’ These are summarizedin Fig. 1.

Extensivework with the (t,a), (t,d), (t,p)~ (t~3He) and (t~t’) reactionshave

shown the versatilityof the projectile in the fie~d of direct nuclear read-

tions. The triton carriesspin 1/2 and isosptn 1/2 with both neutrons occupy-

ing the 1s orbits. Its oompositestructuremakes it a strongly absorbed par-

tiolo which offers advantagesin DWBA comparison for many reactions. II]par-

ticular, the (ttd) and (t,t~) are well fit by such calculations offoring
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TR11ON PROI’CRTIF.S

General

isospin 1/2 (same ●s ncutmn)
charge one
stron~ly absorbed
vtakly bound
neutron pair in s-orbital

Seactlons:

(t .d)

(**S)

. .

(t*t’)

(W)

(t,%]

Principally surface so well fit
kiigher :-transfer ec.phasiwd

High Q-value (*IO-12 tbV)
Good reaction for proton pickup

by tMBA

on al 1 A ●t tmtde~ energies
?oarly fit by KSIRi-due to mmmst~- miss.stch
?wr L-trans far info-tion

Strong ●bsorption reaction, isospln ●nd spin of neutron.
}hy be conpsred to (%. %?’) for [sospin dcpendences in reaction

Ideal two t, otron stripping reaction ior pairing studies, ●tc.

Kwt straightforward isospin increasing charge exchange reaction
Wed to study parents of giant resonances ●nd neutron-rich nuclei

Figure 1. Summaryof.Tritonpropertiesand

differentialcross section

gles. Isospinpropertiesof’nuclear statesmay
-.

accurate spectroscopicfac-

tors and angular momentum

transfer Information. The

(t,p) reaction is also well

fit by these techniquesand

represents the simplest of

the two neutron stripping

reactions. The (t,@) reac-

tion has sevwal advantages

as a proton pickup reaction

principally in the high Q-

value (r 12 MeV) and the

high angular momenta

excited. The former qual-

ity makes this re~ction

useful at typical Van de

Graaff energies throughout

the periodic table, whereaa

the competing reaction,

(d,3He), requires rela-

tively high bombardingener-

be investigatedby comparisons
9

. ef (t,t~) and (5He,3He*)and by the charge exchange reaction, (t~JHe). The

latter has been used successfullyto study the charge exchange mode of the
4)

giant M 1 mode .

From the above argumentsregardingthe usefulnessof polarizedbeams and

a triton beam, it is clear that a polarizedtriton beam can combine the advan-

tages of the propertiesof both techniques. The development of a polarized

triton beam at Los Alamos5) now permits such an experimefitalprogram. Initial

reaotionstudieswith the polarizedtriton beam have been 1) $~,a) studiesof’

Pb and Zr nuulei 7)6) and a survey of rare earth nuclei , 2) (L,p) react:;;son
8) 9)sphericalnuolel , to unnaturalstates , a study of the Ni isotopes and

a searoh for interferencephenomena in tliePd-Te region
11!

o 3) a (~,,d)reac-
13) ~d58P64N~tareets ‘2), 4) a (t,t~) reactionon,these same targetstion on

5) a study~of super-multipletsymmetry in the mass six system through the

‘Be(; ,%o) Li reaotion14)* The present article discusses the significant

aspeotaof these variousmactiona.

2



“II.

the

en~al ~of the Pow qd Triton B am Stud.&Zie

The polarizedtriton source developedby Hardekopf et al.5; was used for

present studies. Beam currentsaveraging75 nA and 0.75 polarizationand

with a spatial

trorneter15).

the reactior.

helicallyWOUI.

definitionof 0.75 x 3 mm were used on targets for a Q3D spec-

e spectrometerwas operatedat a solid angle of 14.3 msr and

ucts were particle identifiedand spatially localized in a

.hodeproportionalchamberon the focal plane
16)

. The exper-

imental resolut..n was %enerallydeter~inedby the target thicknesswhich was

usually chosen as a compromisebetween counting rate and ‘optimalresolution.

The thinnesttargetsproduced10 keV with more typical results being 15 - 18

keV.

An on-line computercontrolledthe completemeasurement sequence at any

given spectrometerangle. The computermeasured the polarizationof the beam

and its direction then changed the direction after the initial run, again

determiningthe polarization. Asymmetrieswere calculatedautomaticallyafter

this sequence using gates set on all interestingpeaks in the initial run.

Cross sectionshave been measuredto a fractionof a pb using these techniques

with

III.

runningtimes less than one hour.

.a) Re~ .

The first (t,~) reactionswere carried out on sphe:’icalnuclei with well

establishedlow lying single particle states. These, then, served as tem-

. plates for establishingthe spins of other levels higher in excitationor in

nearby nuclei where previousexperimentalevidencewas inadequateto give the

total angular momentum. These cases also provide a comparison of DWBA pre-

dioted analyzing powers to the measured results. This comparison is quite

useful in establishingthe nccussaryoptical model parameters for obtaining

spins of nuclear states of different Q-value and masses from the original

templates.

Results

are shown In

general, the

of the
208

Pb(~,a)207T1 and 90Zr~/,a)
89

Y anzlyzing power studies
6)

Figs. 2 and 3 where they are comparedto DWBA calculations . In
89

fits are quite reasonable(the g9,2 state of Y Is poorly fit)

and a clearspin differentiationis noted. The analyzingpowers are large ana

reasonablystructuredindicatingthe ~,a) reaction has excellent properties-

for total angular ❑omentummeasurements. As is seen above, the lead results

may be extended over a large ran~e of’A with only small changes in shape.

3
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Figure 2. Analyzingpowersand dif-

ferentialcross sectionsfor the

208Pb(;,a)207T1 reactionto single

hole states. The solidlines are DW

calculations.

This feature is exploitedbelow in a

nuclei.

Figure 3.

‘OZr(;,a)

lines are

~laq

Analyzing powers for the
89
Y reaction. The solid

DW calculations.

study of the rare.earth and actinide

Extensivemeasurementscovering 14 targets have been completed in the

rare earth region
7,1”() with targetsranging from 150

Sm UP to ‘920s. Many of

the neutronrich targetslead to completelynew level schemes for the residual

nuclei because af the difficultyof using other proton pickup reactions as

mentionedabove, Typicalamong these nuclei for which,extensive new results

have been obtainedare
153pm, 157,159EU, 167,169H0 and 18g~’9’Re. The large A

rare earth nuclei may borrow most heavily from the lead template structure

with these same orbitals predominating here except for certain Nilsson

orbitalswhich drop rapdilysuch as the 9/2-.

At the lighter end of the rare earth region additionalspins are noted.

‘54Sm(~,a) spectrum is noted in Fig. 4 where the largeAn example of the

analyzingpowers are immediatelyobvious In a comparisonof the spin up and

down spectra. Analyzing power and differential cross sections for the

4’
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Figure4. Spectru~of the “4Sm({,u) Figure 5. Analyzing powers and

153P0reaction. Both spin configura- ferential cross sections f’or

dif-

the

‘tionsare shown.

5/2-[5231 band are shown

with the singleparticle

the shell below. These

‘54Sm(;,a)
153 “

Pm reactionleading to

the 5/2-[532] band. The solid lines

are D14calculations.

in rig. 5. Ihe band originatesin the hll/2 orbital

strengthfor the 5/2- and 7/2- states coming UP from

latter states are poorly fit by DW calculationsfor

the cross section but well fit for Ay. It is unclear if this is a cGupled

channeleffect or a defect in the DW results.

There are a,nunber of cases of serious conflict between DW calculations

and *he Ay measurementsfor states of known spin but which are weakly excited.

Figwe 6 contains several examples of these discrepancies. Here it is seen

that the 7/2+ ❑ember of the 3/2+[4111band iS poorly fit by DW predictionsin

both 153i1m and ‘65H0 whereas this spin is well described for the 5/2+[413]
165Ho

Nilssonorbital in . This latter state is

cross sectionof * 120 ub/sr as comparedto the

20 ub/sr, The differentialcross section on

pOOrly fit so it is difficultto state whether

relativelystrong with a peak

anomalousshape states with @

these latter states are also

the observed cross section is

h agreementwith single step Nilsson model predictions. These states, and

5
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Figure 6. Examplesof anomalousana-

lyzing powersin the (~,a) reaction.

Figure 7, Systematic behavior of

NilssoI; J.evels originating in the

‘5/2
shell model orbital as a fwic-

tion of neutronnunber.

there are other 7/2+ and 9/2+ states throughoutthe rare earth nuclei exam-

ined, are clear examples of coupled channel effects and warrant a serious

effort by nuclear reactiontheoriststo explain their behavior. Presumably,

the principalmultistepchannel would be through the strong inelasticquad-

ruple state followedby a single

orbitals.

An exampleof the systematic

proton transferto one of the strongNilsson

behaviorof certain Nilsson levels as pre-

pared by D. Burke is shown in Figure 7. Here protonstatea originatingin the

d5,2 shellmodel orbitalare traced as a functionof neutron number for I’mand

Eu isotopes. It is clear frotithis that the neutronsplay the major deforma-

tion inducingrole as both elements follow similar patterns when crossing the

transitionregionat N = 90. These are the-onlythree Nilssonorbitalsorigi-

nating from the d5,2 orbital. It is planned to extend these systematic

throughoutthe deformedregion.

A finalexampleof the use of the {~,ct)reactionin determiningnuclear

level schemesis in the actinideregionwhere the reactions
2311

U and 244PU

6’



2’~31Jphas been com-(~,a) to-233Pu and

.

?36
t21T,fl)2’3Po

O.cr1-~-~—~–-y,.v–~r ‘19/2+ 107 &v o~. —-.

Figure 8. Analyzingpowersfor

severallevelsseen in the

%(i,a) 233Pa reaction. The solid

linesare DM calculationsar.1the

dashed linesare empiricalfits to

the lead resultsof Figure2.

values for the p and f’orbitalsare

pleted’8). This region is more complex

than the rare earth’s because of a

higher level density, lower cross sec-

ttons, and a larger degeneracy in pos-

sible spin values. Figure 8 is an

example of a selection of analyzing
233pa

powers to various states in . ‘rhe

data are compared to DW calculations

and empirical shapes”from
208

Pb (;,a),

the latter assuming that these arise

from a crossingof the Z = 82 shell due

to deformation. Reasonable success is

seen in describingthese

techniq~e has been used

the previously unknown

states and the .

to investigate

nucleus 24311P.

IV. The (t,d) Reaction

As mentioned above, the (t,d)

reaction has a number of excellent

attributes for the measurementof neu-

tron single particle states and in some

cases offers advantages over the (d,p)

reaction. In particular, the (tjd)

reactionis well describedby DW calcu-

lations~ has an excellent diffractive

stri!ccurein light to medium weight

rluclei and excites higher angular

momentumstates more stronglythan the

(a,p) reaction. Recently, we have

examined the (~,d) reaction on targets

58’64Ni to investigate the useful-Of

ness of measurementsof A in obtaining
12)* Y

huclear spins The resulting A
Y

shown in Figure 9 where they are compared

to llWcalculations. Reasonableagreement is found with these calculations



.
.

except for the 712- statc ‘#hichrepresentsonly a small fractionof the f7,2

strength approximatelyseven MeV removed from the single particle centroid.

These data show rapid oscillationswith clear spin determinations‘over the

range of angles examined. It may be pointed out that this angular range is

only one half of that required to obtain similar informationin the (%jp)

reaction at comparableenergies; the period of the (~,d) Ay values is 20°

versus 50° for the (~,p). This makes the experimentalmeasurementssome~fiat

simpler. In general, the Ay structure is sufficientto obtain j and 29 the

exceptionbeing very weak states such as the 7/2- which may well have multiple

step contributionsoccurring. In all cases in 59Ni, the analysisof A meas-
Y

urementsagreedwith known spin values.

In the
65
Ni situation,there are a number of spins unknown in the low

lying levels and severaladditionalambiguitiesexist. Initial (d}p) data19)

had suggestedthat a major fractionof the 9/2+ strength comes rapidlydown in “

excitationenergy as a function of N; however, recent subcouloab stripping
20)

data disputesthis . This rapid loweringof the g9,2 strengthis thoughtto

be associatedwith the onset of a shape transitionbetween N = 40 and 42 znd

.

6oNi (?,d ) “Ni
I 1 I 1 1 I 1 1 1 I 1

a2 @ttv N9 id‘1

-al -s

-a

-03-

b J
I

...,.” A A. .,,*..,,.,

P
.......

1’ 1/2”

[YfJ

II
I

LtaifitlI
●i

& * , I 1

0 *O 40 60 020402a

Figure 9. Analyzingpowers for the

58Ni(~,6)59Nireactionleadingto p

and f orbltals. The solid lines are

DUcalculations.

.
1

“Ni(T,d)6$N!

.A,

Figu,ge10. Analyzingpowers for the—

64Ni(~,d)651Jireaction for a number of

states. The solid lines are DW calcu-

lations and the dashed lines empirical

to the data of Figure 9.
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the recent results suggesting it does not come

down would alter this conceptradically.

Figure 11. A summaryof
64Ni(~,d)65Niresults .

comparedto previous

results.

Figure 10 contains the Ay Values for six
65Ni

levels in . The data are compared tc DW

calculationsand empirical results from the 59Ni

case which was shown in Figure 9. Aside from

anticipatedkinematicshifts the empiricalst.:pes

quite adequately describe a number of stat.ezin
65Ni permittingdefinitivespin assignments. The

2W results corroboratethis interpretation. The

level at 1013 keV does not fit either a p cr f

orbital both in analyzing power or differential

cross section (not shown here). The 9/2+ assign-
19)mcnt suggested by Fulmer and McCarthy * how- .

ever, does agree well with these measurementsand

suggests about 1/3 of the g9,2 strength has

dropned to this energy. The level at 1918 k?V

also is fit best by a 5/2+ assignmentwith about

25% of the strengthat this energy. This stronglyindicates that the fil:ing

neutron shell is inducing a nuclear deformationwhich brings a significant

fraction of the d5,2 orbital across the shell gap of * 5 MeV which stnuld
65Ni

exist betweenthe f-p shell and the d5,2 shell. Figure 11 summarizesthe

resultsand it can be seen that the current‘(~,d)data permits the assignment

of ten spin valuesbelow 2 MeV. The recent subcoulomb(d,p) results also seem

to be in error in assigning spins of 3/2- and 5/2- to the 65 and 1013 keV

levels respectively. Tb.eAy values observed for the (~,d) reactfon at this

energy give sharp diffractivestructureand unambiguousspin values for spins

up through 9/2+ and of reasonable spectroscopic strength (> .02).

4
v* Xhe (t*Dl R actione

The (t,p) reaction has long been an important tool in the study of

nuclear pairing phenomena in spite of a rather complex reaction mechantsm.

Empiricalanalysisof a wide range of data by DW techniquesusing microscopic

form factors21)has shown that consistent spectroscopicinformationmay ‘~e

obtained22). On the other hand, it is known that the reaction mechan~.szis

complexwith appreciabletwo step processesoccurringalthough, in the major-

ity of cases, these representa constant fraction of the direct contribution

‘9
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and . .Als

deformed

are folded into the

nuclei or very weak

differentialcross section is

empirical normalization. Except for strongly

direct transition Strength, the shape of the

not very influencedby two-step contributions

and the influenceof such effectsmust be felt only in the magnitudeand thus

unfoldedfrom the empiricalnormalization.

As discussed above, a measurement or Ay for the reaction of interest

increases the sensitivityof the experimentto details of the nuclear struc-

ture. In the case of two nucleon transfer reactions this aspect may be

used for a furtherstudy of the influenceof two step processes. A series of

studiesinvolvingthe (~,p)reactionhas been carried out for this purpose.

Figures 12 and 13 show several results for sphericalnuclei and reason-

g“zr , 208 8)
ably strongstatesusing the Pb(t,p) reactionsas examples . In ?,:,ti

Zr case it is worth noting that similaritybetween Ay results for the ttio9+

statesas well as the three 2+ states. This similarityis significantin view

of the fact that these stateshave substantiallydifferentwave functions;the

935 keV is dominatedby d5,22 (0.910amplitude)whereas the 2070 keV is a mix-

ture of d5,22 and d5/lsl/2 (-0.32 and 0.52 amplitudes). Wave functionscon-

taining these amplitudeshave been used to provide a reasonabledescriptionof
23)the (t,p) cross sections . We shall return to the Zr case below where the

similarityin Ay resultswill have significantmeaning.

The lead results of Figure 13 are reasonablywell describedby the DWBA

for lower L-transfersas was the Zr case. The larger L-transfersshow increas-

ing deviation of the A data from polarizationpredictionsand this is not
Y

understood. Certainly,there is a decreased probabilityfor inelasticchen-

nels contributingto the reaction as compared to the low-lying 2+ and 11+

states. The additionof consecutiveparticle transfer on a two step prcwess

may improve the fit to these data althoughthis has not been tried. It wc,uid

.be a nice succesc for such theories to improve the descriptionof Ay for 6+

and 8+ states in particular as these are relatively pu;.e g9,2)J2 states.

The nickel isotopesoffer an exampleof :~mewhatmore collectivebehavior

although still not well deformed. As mentionedabove, the rapid descent as a

function of neutron number of the g9i2 and d512 orbitals iS an indicationof

at least a tendencytowardsdeformationand the resultingincreasedcollectiv-

ity. Previousexaminationof this region for coupled channel effects involv-

ing excitation of unnatural parity states which are forbidden in a direct

process has been reported by Boyd, Alford et al.9)0 Such data show a large

sensitivityto the nuclear structure of the excited states. More recently

10
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Figure 12. Analyzingpowers for the
90
Zr(l,p)92Zrreaction. The solid

curves are Dh’calculations.

Alford, Boyd et 2.1.
10)

have measured

Of these results are shown in Figure

Figure 13. analyzing powers ?or the
208

Pb(; ,p)
210

Pb reaction. The solid

curves are DW calculations.

Ay for the natural parity states and some

14. A judicious choice of optical model

parameters permits an excellent fit. by single step .DW calculation to the

ground state transitions as seen in this figure. However, the 2+ states me

not as well described with a phase difference between data and calculation

noted as well as a disparity

becomes wor:e with increasing

also increasingwith neutron

“allowingconsecutiveparticle

in magnitude at back angles. This disparity

neutron number; the collectivity of this 2+ is

number. The data can be better described by

transfer through the (t,d) (d,p) channel as the
.

calculationlabeledCCBA in Figure 15 indicates. However, the more expected

inelasticchannel had no effect on the shape of the analyzing poser. Again

the Ay shapes indicate a great sensitivity to nuclear structure and the mor?

complex CCBA calculations are able to describe the A~ features. In this case

the calculation which best describes the data was not the expected one.

Quite recently Yagi et al.
3) have utilized this sensiti~pity of the two

nuclear transfer A
Y

values to explore the effects of the filling of the neu-

tron shell bet-,~~c[lN = 50 ar,d 82. They have observed a change in the sign of

the analyzing power for the (~,t) reaction for the lowest 2+ which occurs - ,

11
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t

---- CCBADlRECT+f;,2 ‘
-0.6

“.””””.”.”* CCBA DIRECT+g;e
i

Figure 1Q.’ Analyzingpowersfor the Figure 15. Comparison of CCDA and

58S60$64Ni(I,p) reactionto g.s. and 2+ DWBA calculations to the A values
64 Y

states. The solid curves are DW calcu- for the Ni(;,p)66Ni(21+) transition.

lationsand the dashed curvesare CCBA
.

oaluulations. .

.

between the Pd and Te nuclei. They interpretthis result as an interference

between the direct transfer and the two step channel through the inelastic

excitationof the 2+. Becauseof the fillingneutron shell, the importanceof

the forward and backward amplitudes changes, as do the U and V factors,

between Pd and Te and the interferencegoes from constructive to destructive.

These authors3)suggest that this effect is responsible ooreplctelyfor the

experimentalAy sign ohange.

The inversereaction,(?lp)t has now also been employed on the Pd and Tt?

,NNlei and

the ground

Figure 16.

faotor and

combinedwith the Zr results’discussedabove. Results of A

106Pd{Lnd126Tearc sho~ ‘j:
state and lowest 2+ for targets of

Also shown are single step DW oaloulationsemployinga d5,22 form

standard opti~al model potentials (a different potential familym,
then emplqyedin reforenceu)is used here). It is worth noting that the 2+

oroaa se~,ions decwwise with increasing neutron number being In the ratio of

1.0:0.0L:0,015for the 90Zr, 106Pd and 126
Te targets respectively. This iS

opposite to the trend in the (p,t) data &nd perhaps indicating the relative

roles of orbitalsabove ~nd below the Fermi surfaoe. The Ay data show sharp

&
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Figure 16. Analyzingpowers for the
90Zr 106pd 126

1 $ Te(~,p)reae$ton

leadingto the g.s and 2,+ states.

The solid curves are DW calculations.

Thus in the case of the (~,p)Ay data

.

diffraction structure for the g.s.

transitionswhich are typical of L = O

transfers. The DW fit to these data

show an extreme sensitivityto the pro-

ton optical potentialand the real well

depth has been adjusted by + 3 MeV in

all three cases to give the correct

period. The L = O data are well repro-

duced by these DW fits even in the de-

tails of shiftingminimum with mass and

the gradual dissappe:ranceof the fcr-

ward angle minimum. The DW calcula-

tions are averaged over the.Q3D solid

angle. These results illustrate that

single step DW results quite adequately

describethe dominant (~,p) transitions.

The transitions to the 2+ states

show a rapidlychanging structure for

AY as a function of increasingneutron

number. }~owever,contrary to the (p,t)

results, the single step DW calculation

reproducesmost of these variations.

the interferencebetween direct and in-

elastic channelsis not evident. Naively,one would have expectedan opposite

effect for the (t,p) from that of the (p,t). However, one must take into

account the relative direct two-nucleon transition strength of the various

orbitals. The (p,t)reactionhas access to the 91,2 orbital which lies below

the Fermi surface near A = 110 + 120 and carries a large intrinsic direct

strength. Only a small &action of this strength 1s’available to the (t,p)

reactionexc,eptat smallerA near
90
Zr, This could explain the lar&erdiscrep-

ancy with the DWcalculationseen here althoughhere the 2+ IS not as collec-

tive. It remains yet to do the completerpa calculationwith coupledchannel

calculationas describedin reference3) for the (ttp) reaction to see if the

above conjecturesregardingthe importanceof variousorbitals is correct.
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8 VI. ~

Although the polarized triton beam has been in existence for only a short

time, It has proved to be extremely successful in the study of nuclear phenom-

ena. A considerable wealth of data now exists on proton hole states through

the (~,a) reaction and similar results are now being obtained for neutron

particle states from the (?$d) reaction. The (~,p) reaction is also being

used successfullyto provide detailed checks on reaction

sensitive check on nuclear wave functions. Additional

(~ ,t’ ) and (~,3He) reactionare also underway.”
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